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Distributed maximum power
point tracking in wind micro-grids
Seguimiento distribuido del punto
de máxima potencia en micro-redes eólicas
Abstract
With the aim of reducing the hardware requirements in micro-grids
based on wind generators, a distributed maximum power point tracking
algorithm is proposed. Such a solution reduces the amount of current
sensors and processing devices to maximize the power extracted from
the micro-grid, reducing the application cost. The analysis of the optimal
operating points of  the wind generator was performed experimentally,
which in addition provides realistic model parameters. Finally, the
proposed solution was validated by means of detailed simulations
performed in the power electronics software PSIM, contrasting the
achieved performance with traditional solutions.
Key words: distributed operation, maximum power point tracking,
wind generator.
Resumen
Con el objetivo de reducir los requerimientos de hardware en micro-
redes basadas en aero-generadores, se propone un algoritmo para el
seguimiento distribuido del punto de máxima potencia. Esta solución
reduce la cantidad de sensores de corriente y unidades de procesamien-
to requeridas para extraer la máxima potencia en la micro-red en
comparación con soluciones tradicionales, reduciendo el costo de la
aplicación. El análisis de los puntos óptimos de operación de aero-gene-
radores se realizó experimentalmente, lo que provee además parámetros
realistas para los modelos de simulación. Finalmente, la solución pro-
puesta se validó a través de simulaciones detalladas en el software PSIM,
comparando el desempeño logrado contra soluciones tradicionales.
Palabras clave: Aero-generador, operación distribuida, seguimiento
del punto de máxima potencia.
1. Introduction
High wind energy penetration in the power system demands
development in the operation and control of wind turbines to support
its reliable function and the optimization of  the power system efficiency.
Figure 1 illustrates the structure of  wind micro-grids composed by
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Distributed maximum power point tracking in wind micro-grids
classical wind generation systems, where each generator is individually regulated to optimize
its power production. Then, the power extracted from each generator is collected to be
stored or injected into the grid. The power units depicted in Figure 1 are composed by
power electronics devices, current sensors and controllers. Therefore, such micro-grids
require as many current sensors and controllers as the number of  wind generators.
Figure 1.  Wind micro-grid.
The power developed by wind generators depends on the wind speed, which has a
variable nature. Additionally, wind generators characteristic has a maximum power point
(MPP), which should be reached to improve the efficiency of  the wind generator. Maximum
power point tracking (MPPT) strategies have been developed and applied to extract the
maximum power on wind generators. Therefore it is a common practice to apply an
MPPT to each wind generator and this solution is called distributed MPPT (DMPPT).
Although that solution optimizes the power extracted [1-3], its main requirement is a
current sensor per wind generator system, which increases the hardware cost.
This paper is focused on a Multivariable Perturb and Observe (MVPO) strategy aimed
at maximizing the power generated in wind micro-grids, reducing the requirements in
terms of  current sensors and control units. Such a solution increases the economical
viability of  wind power systems, since the same power is extracted in comparison with
classical wind micro-grids, but a reduced number of  components are required. This is an
extended version of  preliminary results appearing in the 2012 IEEE Workshop on
Engineering Applications [4]. The paper is organized as follow: In Section 2 the wind
generation system is described and modeled; additionally the maximum power point of
this system is put in evidence through the power and current voltage curves. In Section
3, the MVPO algorithm proposed in this work is described and compared with a MPPT
based on Perturb and Observe (P&O) algorithm. Simulations results that confirm the
maximum power extraction using the proposed algorithm are presented in Section 4, and
finally, conclusions are given in Section 5.
2. Wind generator maximum power point
Some wind generation systems use permanent magnet synchronous generators (PMSG)
[5] that do not require excitation control systems. In such wind generators, there is
common to adopt a passive rectifier and a dc/dc converter to perform the tracking of  the
optimal operating point or MPP as depicted in Figure 2. The MPP is characterized by
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producing the maximum output power
Pmpp for a given rotor angular speed n,
which is defined by the wind condition and
turbine characteristics.
Figure 2 considers the dc/dc converter
interacting with a dc system, which could
be a battery bank or a dc-link regulated by a
grid-connected inverter [5]. The main
objective of the dc/dc converter is to
Figure 2. Wind generation system.
regulate the generator current to maximize the power delivered to the battery terminals.
The optimal operating point is tracked by the MPPT following the current perturbation
that guarantees a positive power change. Finally, such an optimal operating point is defined
by means of  the generator voltage Vmpp and current Impp, as the following relation
holds: Pmpp = Impp • Vmpp.
2.1. Wind turbine and generator models
In this section the wind turbine model and the permanent magnet synchronous generator
model [6] are presented. These models are implemented to simulate a wind micro-grid
and validate the MPPT strategy proposed in this work. Wind turbine power Ptur is calculated
from Equation (1):
Pwindturtur CvρAP 35.0=                                               (1)
where the swept area of the turbine rotor is Atur in m
2, the air density in the turbine
location is ρ in Kg/m3, the wind speed is vwind in m/s, and CP is the power coefficient,
which is function of the Tip Speed Ratio (λ) that represents the ratio between the tip and
the wind speed. λ is defined in Equation (2), where the turbine speed is represented by
ωtur in rad/s:
wind
tur
v
Rωλ =                                                           (2)
The wind turbine model simulated in this work adopts a coefficient power presented in
Equation (3): ( ) 754321 6 cecccccC cxP +−−−= −ββ ,                                 (3)
with coefficients: c 1 = 0.5, c 2 = 116λ’, c 3 = 0.4, c 4 = 0, c 5 = 5, c 6 = 21λ’, c 7 = 0.01λ, β
is the blade pitch angle, and λ’ is given by Equation (4).
1
035.0
08.0
1´ 3 +−+= ββλλ                                                  (4)
Finally the equation of motion of the turbine and the generator is given by Equation (5):
( ) ( ) turturelectur Bdt
dJtTtT ωω +=−  ,                                        (5)
where the mechanical torque of the turbine is Ttur, and the electromagnetic torque of the
generator is Telec. Both torques are given in N • m. The moment of inertia of the wind
turbine and the PMSG is J in kg • m2, and the damping coefficient is B, which is considered
equal to 0 since the friction is negligible in comparison with the rotor inertia effect.
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A three phase permanent magnet synchronous generator is represented by Equation (6):
(6)
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where the stator phase voltage, currents, and flux linkages are va , vb , vc , ia , ib , ic , φa , φb , andφc respectively. In the rotational reference frame dq, Equation (6), can be expressed by
Equations (7) and (8): ( ) ( ) ( )te
dt
tdiLtiRv qdSdSd −+=
( ) ( ) ( )te
dt
tdi
LtiRv d
q
SqSq ++=  ,
where the dq stator voltage and currents components are vd, vq, id, and iq respectively. The
stator winding resistance and inductance are represented by RS and LS. The electromotive
force dq components are ed and eq, which are determined by Equations (9) and (10). In
there, the electric rotor speed is denoted as ωe.
These electromotive forces represent the addition of the electromotive forces induced
by the dq flux linkage components of the stator and the electromotive force induced by
the flux linkages of  the permanent magnets of  the rotor (φr ) in a PMSG. The PMSG and
the wind turbine models in addition with the rectifier and dc/dc converter models are
simulated to evaluate the MPPT algorithm proposed in the PSIM power electronics
simulator.
2.2. Maximum power points
From the previous model it is noted that the generator voltage changes for the rotor
angular speed defined by the turbine model and the wind profile, and also changes for
the requested current defined by the dc/dc converter.
To experimentally validate such analyses, a PSGM was configured by keeping the field
current constant in a synchronous generator. Besides, the rotor angular speed was set by a
DC motor. Figure 3(a) shows the experimental set-up and Figure 3(b) depicts the connection
scheme. Figure 3(c) and 3(d) show the generator voltage-current and power-current
characteristics for different angular speed. The figures also depict the position of  the MPP,
which changes for all the wind speed conditions, and the constant voltage operating points.
The MPP position, given by its current Impp and voltage Vmpp, depends on the balance
among the power increment generated by changes on the generator current, and the increment
of  the losses generated by such a current step-up. Therefore, the MPP position is difficult
to predict in normal operating conditions when the wind speed is not constant.
Moreover, such results put in evidence that the generator current must be set to Impp
depending on the wind speed condition, which in addition can change at any moment.
Such a procedure is performed by means of  the dc/dc converter, which can be regulated
in current mode to ensure the extraction of a given generator current.
Distributed maximum power point tracking in wind micro-grids
(7)
(8)
ed (t) = ωe (t) (LS id(t)+ϕr )
eq (t) = ωe (t) LS iq(t)
(9)
(10)
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Figures 3(c) and 3(d) also reveal the non-linearity of the required voltage-current
profile that must be imposed by the dc/dc converter to the generator, which implies that
the operating conditions must be optimized online. In conclusion, for a non-constant
wind profile, which is the most common condition, the dc/dc converter input current
must change; but to ensure an optimal operation, the current imposed must follow the
MPP trace of  Figure 3(c). Finally, the procedure of  tracking the optimal operation condition
is commonly named Maximum Power Point Tracking or MPPT, and different optimization
algorithms are adopted for such aim.
Figure 3. PMSG experimental system and static characteristics.
3. Maximum power point tracking algorithm
The Perturb and Observe (P&O) algorithm is widely adopted for optimizing the operating
point of photovoltaic generation systems [7, 8], and also it has been used in recent works
to optimize wind generation systems [3, 9].
(a) Experimental set-up. (b) Connection scheme.
(c) Voltage-current characteristic. (d) Power-current characteristic.
Figure 4. Perturb and observe algorithm.
Figure 4 shows the flowchart of the P&O
algorithm, where the generator current
imposed by the dc/dc converter, is modified
to track the MPP: the current is perturbed
in one direction (increased or decreased),
and depending of the power extracted from
the generator, the current is perturbed again.
For example, referring to Figure 3(d),
assuming that the wind turbine imposes a n
= 1 pu to the generator, and considering a
generator current Ig = 0.6 pu, the P&O
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algorithm perturbs Ig in ΔIg value, obtaining Ig = 0.6 pu + ΔIg. In such a case, the
generator power is increased, therefore Ig is perturbed again in the same direction. Such
a procedure continues up to Ig = 0.7 pu where the generator reaches an operating point
near to MPP. Then, Ig is increased again where the generator power is decreased in
comparison with Ig = 0.7 pu, so the next perturbation will decrease Ig. From such a
condition, the generator current will oscillate around the MPP with amplitude equal to
ΔIg.If  the wind speed changes, so the rotor angular speed also, the P&O controller
tracks the new MPP to oscillate around it. Such an optimization algorithm changes the
perturbation sign that guarantees a positive change on the power.
It is noted that the P&O algorithm requires measuring the generator power; therefore
the converter output current must be sensed. Such a procedure increases the solution
cost since efficient current sensors are costly devices, while if  cheap resistive current
sensors are adopted, they introduce power losses degrading the system efficiency.
In wind micro-grids composed by multiple generation systems as in Figure 1, the
classical solution considers the simultaneous operation of the complete power systems
composed by the generator, the power stage, the current sensor and the P&O controller
as in Figure 2. Therefore, the number of processing units and current sensors are in
agreement with the number of  generators. But taking into account that the collected
power will be stored or injected into the grid, the optimization of each wind generator
operation is equivalent to optimize the operating point of the whole micro-grid.
To maximize the wind micro-grid output power, an extension of  the P&O algorithm is
adopted to optimize all generator currents. Such a multivariable P&O algorithm, named
MVPO, is designed to optimize each generator operating point by using the P&O principle:
the current of  the first generator is perturbed meanwhile the aggregated output power
increases, then, when the power is decreased, the current of  the second generator is
perturbed in the opposite direction with respect to the last perturbation performed to
that generator. The procedure is iteratively performed to cover all the generators available
in the micro-grid. Figure 5 illustrates the MVPO algorithm by means of a two-generator
MVPO flowchart: if the power is increased, the current of the last perturbed generator
is perturbed again in the same direction previously adopted. Otherwise, if the power is
decreased, the last generator current is blocked, and the other generator current is
perturbed in the opposite direction, performing a P&O like procedure. The MVPO
algorithm changes the perturbation sign of both generator currents that guarantee a positive
change on the power, i.e. a positive power gradient.
Figure 5. Multivariable Perturb and Observe algorithm.
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INGENIERÍA    •   Vol. 17  •  No. 1   •   ISSN 0121-750X   •   UNIVERSIDAD DISTRITAL FRANCISCO JOSÉ DE CALDAS 11
It is noted that the MVPO requires the acquisition of  the aggregated wind micro-grid
power only, instead of  each generator power, which implies a reduction of  N-1 current
sensors with respect to the classical solution, where N represents the number of  generators.
Moreover, the MVPO generates the N current commands that must be imposed by the
dc/dc converters to the micro-grid generators to maximize the whole power production.
In addition, since the MVPO optimizes the operating point of  all the generators, a single
control unit is required instead of N as in the classical solution.
Finally, the MVPO improves the implementation of  wind micro-grid by significantly
reducing the number of current sensors and control units required.
4. Implementation and simulation results
To illustrate the performance of  the MVPO solution, a two-generator micro-grid was
simulated considering the models of Section 2.1 and the parameters of the experimental
system presented in Section 2.2, for both P&O and MVPO approaches. Figure 6 presents
the simulation scheme, where boost dc/dc converters were adopted since they introduce
low current ripple to the generator, and allow to step-up the voltage to the storage or
grid-connected inverters requirements, which makes the boost topology one of  the most
commonly used in wind power systems [5, 10, 11].
Figure 6 also considers the current regulation of the boost dc/dc converters by means
of the sliding-mode control (SMC) technique [12], which is widely used for current-
mode dc/dc converters [13]. Such a non-linear technique provides a fast tracking of the
reference with the fastest response allowed by the dc/dc converter, and its design was
performed as reported in [12, 13]. Therefore, the dc/dc converters can be considered as
the actuators of  the P&O and MVPO control algorithms.
Considering the classical P&O algorithm, each generator operation is optimized by a
dedicated P&O controller, requiring also a current sensor for each one. In this way, the
implementation of the classical solution uses two current sensors to obtain Io1 and Io2 in
Figure 6. Instead, the MVPO requires to calculate only the output power of the whole
Figure 6. Two-generator micro-grid to test both P&O and MVPO algorithms.
micro-grid, therefore simply the
aggregated output current must be
measured requiring just a single
current sensor. This can be
observed in the implementation
of Figure 6, where only the
aggregated current Ioa is measured
to calculate the micro-grid output
power Poa used by the single
MVPO to generate the current
references for all the SMC of the
dc/dc converters. This aspect
implies that the MVPO solution
significantly improves the
implementation of multi-
generators installations.
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Figure 7 presents the simulation results considering both P&O and MVPO approaches:
Figure 7(a) shows the angular speed imposed by the wind profiles and turbine model to
the generators, where the noise in the profiles is a consequence of  the generator and
turbine inertias interaction. The angular speed begins at 0.8 pu, and 30 s later the speed
of the first generator is reduced to 0.4pu. Figures 7(b) and 7(d) show the current references
imposed to the SMC of  the dc/dc converters by both the P&O and MVPO controllers.
In such figures it is noted that both controllers impose the same average current to the
generators, therefore both P&O and MVPO define the same operating points. Figure 7(c)
verifies such a condition since the output power of the micro-grid for both approaches is
the same. Moreover, Figure 7(c) also presents the maximum power available for the
given wind profiles (PMPP trace). Therefore, both P&O and MVPO solutions accurately
track the MPP for multiple generators.
5. Conclusion
The position of the maximum power points in wind generators was experimentally
analyzed to propose a tracking algorithm. Such an algorithm was designed to reduce the
hardware required to implement wind micro-grids, saving N-1 current and voltage sensors,
and N-1 processing units, where N represents the number of  wind generation systems.
The proposed solution is based on a distributed MPPT algorithm, which exhibits the
same efficiency in the tracking of  the MPP in comparison with classical solutions. As a
consequence the MVPO reduces implementation costs.
(a) Wind profiles for both generators (b) First generator current profiles for both P&O and MVPO.
(c) Voltage-current characteristic. (d) Power-current characteristic.
(c) Aggregate power generated by both P&O and MVPO. (d) Second generator current profiles for both P&O and MVPO.
Figure 7. Dynamic simulation.
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We remark that this solution can be extended to support micro-grid consisting of
different power sources such as photovoltaic generators, fuel cells and wind generators.
Finally, voltage-based control techniques can be designed to track the generator MPP
avoiding the requirement of  high-frequency currents sensors, which are necessary in
current-based controllers.
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